Introduction
Runx proteins are transcription factors involved in a variety of biological processes. RUNX1 is required for definitive hematopoiesis (Okuda et al., 1996) . It is the most frequent target of chromosome translocation in leukemia, and is responsible for about 30% of human acute leukemia cases (Look, 1997) . RUNX2 is essential for osteogenesis (Komori et al., 1997) , and its haploinsufficiency causes the human bone disease cleidocranial dysplasia (Lee et al., 1997; Mundlos et al., 1997) . Thus, the Runx gene family is critical in hematopoiesis and the maturation of osteoblasts.
The function of Runx3 is poorly understood. One study has shown that Runx3 may be important in immunoglobulin (Ig) class switching from IgM to IgA because of its ability to activate the germline IgCa promoter (Shi and Stavnezer, 1998) , but the involvement of Runx3 in other processes is not well understood.
To elucidate the function of Runx3, we generated mice that lacked the gene, and examined the role of Runx3 in the development of mice. Our results suggest that Runx3 is a major growth regulator of gastric epithelial cells, and that it is deeply involved in gastric tumorigenesis in both humans and mice.
Hyperplasia and increased epithelial proliferation in the Runx3À/À gastric mucosa
In situ hybridization analysis demonstrated that Runx3 is expressed in the gastrointestinal organs throughout development. The rodent stomach is composed of a forestomach covered by stratified squamous epithelia, and a glandular stomach covered by simple glandular epithelia secreting hydrochloric acid and digestive enzymes. In the newborn stomach, Runx3 was expressed by most gastric epithelial cells, but in the adult stomach, expression was greater in chief and surface mucous cells than in the parietal cells (Li et al., 2002) .
When heterozygous mice were mated, about 20-25% of newborn mice were homozygous (Runx3À/À), but Runx3À/À mice died soon after birth, possibly by starvation. There were no apparent morphological differences between wild-type (WT), heterozygous and Runx3À/À mice just after birth, except that the stomach of Runx3À/À mice was almost always empty (Figure 1a, b) . We thus compared the gastric tissue structures by fixing tissues just after parturition before suckling commenced. Care was taken to similarly extend the gastric tissues on the board before fixation and to compare tissue structures in the corresponding areas.
In the fundic area near the forestomach, glandular structures were well developed in both Runx3À/À and WT mice, but the gland was more elongated in the gene knockout mice. Thus, the stomach mucosa of Runx3À/ À mice was about twice as thick as that of WT mice (Figure 1c, d) , suggesting that disruption of Runx3 results in hyperplasia of the gastric mucosa. Immunohistochemical analysis of gastric epithelial proliferation by labeling tissues at 18.5 days post coitus (dpc) with BrdU showed that the epithelial proliferation was significantly greater in the Runx3À/À mouse than in WT mice in both fundic and pyloric areas (Po0.05) (Figure 1e ). This indicates that gastric epithelial proliferation was stimulated by the disruption of Runx3.
Runx3À/À gastric epithelial cells are less sensitive to the growth-inhibitory effect of TGF-b Hanai et al. (1999) have shown that the Runx3 protein forms complexes with Smad3 that transmit TGF-b/ activin signals, indicating that Runx3 may be a significant target of TGF-b signaling pathways. In addition, TGF-b is known to control gastric epithelial growth because, in TGF-b1-null animals, mitosis of gastric epithelial cells was stimulated and gastric epithelia exhibited hyperplasia (Crawford et al., 1998) . The phenotypic similarities between the TGF-b1-null and Runx3À/À animals led us to hypothesize that the TGF-b signaling pathway may be impaired in Runx3À/À gastric epithelial cells.
The response of gastric epithelial cells to TGF-b was examined in primary culture. For this purpose, a new method was developed to purify epithelial cells from 18.5 dpc glandular stomachs and to induce their proliferation in primary culture. The high purity of the cell populations used for primary culture is revealed by the light micrograph shown in Figure 2a . Epithelial cells from both Runx3À/À and WT mice proliferated rapidly in vitro and their numbers increased more than fivefold in 3 days. Cell numbers decreased from day 4 onwards, possibly through apoptosis (Figure 2b ). WT epithelial cell growth was severely inhibited by TGF-b1 (3 ng/ml), as the cell number on day 3 in TGF-b-containing medium was about 38% of the number in control medium at the same timepoint. In contrast, Runx3À/À epithelial cell growth was inhibited by only 56%. The difference between WT and Runx3À/À cells was significant (Po0.001) and indicates that Runx3À/À gastric epithelial cells are less sensitive to TGF-b than WT cells ( Figure 2d ).
As a control, similar experiments were performed with forestomach epithelial cells, which express Runx3 at very low levels. Forestomach epithelial cells from WT and Runx3À/À mice proliferated rapidly in primary culture. TGF-b1 (3 ng/ml) equally inhibited the growth of the cells irrespective of their genotypes ( Figure 2c ). These results suggest that Runx3 plays a part in Gastric epithelial apoptosis is suppressed in Runx3À/À mice, probably because the cells are resistant to the apoptosis-inducing action of TGF-b
It has been repeatedly reported that TGF-b induces apoptosis in vitro in epithelial cells from the prostate (Martikainen et al., 1990) , uterus (Rotello et al., 1991) and liver (Oberhammer et al., 1992) , as well as in gastric carcinoma cells (Yanagihara and Tsumuraya, 1992) . However, whether it has a similar effect on gastric epithelial cells has not been examined. That Runx3À/À gastric epithelial cells are less sensitive to TGF-b than WT cells suggests that gastric epithelial apoptosis may also be altered in Runx3À/À mice. We thus examined epithelial apoptosis in the developing gastrointestinal organs of WT and Runx3À/À mice by the TdTmediated dUTP-biotin nick end-labeling (TUNEL) method.
In the newborn WT mouse, apoptotic cells were observed in esophageal epithelial cells lining the luminal surface ( Figure 3a ) and in gastric epithelial cells on the surface of glandular structures (Figure 3b ). In the newborn Runx3À/À mouse, apoptosis was also found in esophageal epithelial cells facing the lumen (Figure 3c ), but not in gastric epithelial cells (Figure 3d ). This lack of apoptosis was observed throughout the gastric epithelia in Runx3À/À mice (data not shown). These observations suggest that Runx3 is essential in inducing apoptosis in gastric epithelial cells and that the hyperplasia of gastric mucosa in the Runx3À/À mouse results in part from reduced apoptosis of the cells. The data are also consistent with the hypothesis that, in the Runx3À/À mouse, gastric epithelial apoptosis is suppressed because the cells are less sensitive to the apoptosis-inducing action of TGF-b.
To explore this hypothesis, we investigated the effect of TGF-b on gastric epithelial apoptosis in primary culture. In this experiment, TGF-b1 (3 ng/ml) was added to the culture medium on day 4 when the gastric epithelial proliferation had ceased, and spontaneous apoptosis could be observed. Since apoptotic cells became round in shape and easily detached from the substratum to float in the culture media, it was rare to find TUNEL-positive substratum-attaching cells in control cultures. When WT cells were treated with TGF-b1, however, many substratum-attaching cells were found to be TUNEL positive (Figure 3f ), indicating that DNA fragmentation occurred before the cells became round prior to their detachment from the substratum. In cultures of Runx3À/À gastric epithelial cells, in contrast, TUNEL-positive cells could not be observed even if they were treated with TGF-b (Figure 3h ). We thus concluded that TGF-b1 induces apoptosis in gastric epithelial cells in primary culture, and that Runx3À/À gastric epithelial cells are resistant to the apoptosis-inducing action of TGF-b. These observations prompted us to examine whether RUNX3/Runx3 is involved in the growth control of gastric cancer cells.
RUNX3/Runx3 expression is frequently lost in gastric cancer cells and exogenous expression of RUNX3 suppressed growth of the cells
The expression of RUNX3 in human gastric cancer cell lines was examined, and was found to be frequently lost. Out of the 15 cell lines tested, little or no expression of RUNX3 could be detected in seven lines (47%). Methylation-specific PCR of the DNA samples demonstrated that gastric cancer cells do not express RUNX3 due to hypermethylation of the exon 1 region, but normal epithelial cells surrounding the cancer tissue express RUNX3 with methylation-free exon 1 region (Li et al., 2002) . To examine whether reduced expression of RUNX3 is causally related to the growth of gastric cancer cells, RUNX3 was exogenously expressed in the cells, and their growth was analysed. MKN28 human gastric cancer cells did not express RUNX3 and formed rapidly growing tumors in nude mice. Tumor growth was greatly reduced when exogenous RUNX3 was stably expressed in the cells, suggesting that RUNX3 suppressed their growth (Figure 4a ). It was interesting to note that RUNX3-expressing MKN28 cells grew more slowly than the parental cells not only in vivo but also in vitro (data not shown). These results suggest that RUNX3 is an essential growth regulator for human gastric epithelial cells both in vivo and in vitro.
Gastric cancers were induced in C3H mice by providing N-methyl-N-nitrosourea (MNU) in their drinking water (Tatematsu et al., 1993) , and four cell lines were established from gastric carcinomas (Ichinose et al., 1998) . The relationship between Runx3 expression and growth of mouse gastric cancer cells was also examined. Results indicated that mouse gastric cancer cells exhibit properties remarkably similar to those of human cells (Guo et al., 2002) .
Runx3 expression was not detectable in three out of four cell lines, due to DNA methylation and subsequent histone acetylation of the promoter region. Interestingly, the related genes Runx1, Runx2 and Cbfb/Pebpb2 were all expressed in these cell lines, suggesting that Runx3 is the sole member of the Runx family to be inactivated in gastric cancer cells (data not shown). The effect of exogenously expressed RUNX3 on the growth of MGT-40E1 mouse gastric cancer cell line was examined, and again growth suppression was found in cells expressing RUNX3 (Figure 4b ). These results confirmed that RUNX3 inhibits the growth of gastric cancer cells, and suggest the importance of RUNX3/ Runx3 in the growth regulation of gastric epithelial cells in both humans and mice, not only in normal development but also in carcinogenesis.
Possible mechanism of Runx3-mediated growth regulation in gastric epithelial cells We found that Runx3 plays an essential role in transmitting signals initiated by TGF-b, as disruption of Runx3 inhibits the action of TGF-b on gastric epithelial growth. Our observation with gastric cancer cells indicates that RUNX3 is also a negative regulator of the cell cycle. If the inhibition of cellular proliferation is mediated by the transactivational activity of RUNX3, potential targets of RUNX3 could include inhibitors of cell cycle regulators. RUNX1, a relative of RUNX3, has been shown to activate the p14 ARF gene, which is a negative regulator of the cell cycle (Linggi et al., 2002) . It is a subject for the future to examine whether Smad/ RUNX3 complexes can activate any of the known inhibitors of cell cycle regulators.
The mechanism by which MNU induces gastric carcinomas remains unknown. It appears that ras and p53 genes do not play important roles in the mouse gastric carcinogenesis induced by MNU (Furihata et al., 1997) . Our observations may suggest that Runx3 is one of the major targets of the carcinogen directly or indirectly. It is also noteworthy that DNA methylation Li et al. (2002) and Guo et al. (2002) , respectively is observed in the promoter region of only Runx3 in mouse gastric cancer cells, although Runx1 and Runx2 have CpG islands near their promoters. It therefore appears that Runx3 is uniquely associated with gastric cancer. Further studies are required to clarify how Runx3 is inactivated during gastric carcinogenesis.
Effect of genetic background on the phenotypes of Runx3À/À gastric tissues
In the experiments described above (Li et al., 2002) , Runx3À/À mice with C57BL/6 genetic background were exclusively used. Recently, Levanon et al. (2002 Levanon et al. ( , 2003 reported that gastric hyperplasia could not be found in Runx3À/À mice with heterogeneous genetic background (ICR and MF1), and that these Runx3À/À mice survived for several months. Thus, the loss of Runx3 may not be necessarily associated with neonatal mortality and gastric mucosal hypertrophy, and it might be related to the strain on which the study was performed. As demonstrated above, Runx3 is involved in the TGF-b signaling pathway, and it is well known that responses to TGF-b significantly vary depending on the mouse strain (Kallapur et al., 1999) . Actually, Levanon et al. (2002) reported that neonatal mortality was much greater in inbred Runx3À/À mice than outbred mice. This could explain the difference in the gastric phenotypes reported by the two groups. It is also possible that the degree of hyperplasia is less in Runx3À/ À mice with ICR background, and detailed study may suggest increased proliferation and/or decreased apoptosis in the gastric tissue even in mice with heterogeneous genetic background.
It should be noted that expression of exogenous RUNX3 suppressed the growth of gastric cancer cells which lacked the expression of endogenous gene in both human and mouse (C57BL/6 and C3H backgrounds) cells, indicating that Runx3 is involved in the growth regulation of gastric epithelial cells in both species. Thus, Runx3À/À gastric epithelial cells with C57BL/6 background would be a good model for human gastric epithelial cells, and they could be used for the future study on the mechanism of human gastric carcinogenesis.
Concluding remarks
The analysis using a newly established primary culture system for gastric epithelial cells demonstrated that Runx3À/À gastric epithelial cells are less sensitive to the growth-inhibiting and apoptosis-inducing activities of TGF-b (Li et al., 2002) , indicating that Runx3 is a major growth regulator of gastric epithelial cells. Analysis with human and mouse gastric cancer cells suggested the importance of Runx3 in the growth regulation of gastric epithelial cells in both species, not only in normal development but also in carcinogenesis. Thus, Runx3 would be one of the most important factors for the growth control of gastric epithelial cells. The mechanism of action of Runx3 remains to be clarified, but its analysis would contribute significantly to our understanding of the mechanism of gastric tumorigenesis, since insensitivity to growth-inhibitory signals and resistance to programmed cell death are common features of cancer cells (Hanahan and Weinberg, 2000) .
